ABSTRACT: A newly developed isotope ratio laser spectrometer for CO 2 analyses has been tested during a tracer experiment at the Ketzin pilot site (northern Germany) for CO 2 storage. For the experiment, 500 tons of CO 2 from a natural CO 2 reservoir was injected in supercritical state into the reservoir. The carbon stable isotope value (δ 13 C) of injected CO 2 was significantly different from background values. In order to observe the breakthrough of the isotope tracer continuously, the new instruments were connected to a stainless steel riser tube that was installed in an observation well. The laser instrument is based on tunable laser direct absorption in the mid-infrared. The instrument recorded a continuous 10 day carbon stable isotope data set with 30 min resolution directly on-site in a field-based laboratory container during a tracer experiment. To test the instruments performance and accuracy the monitoring campaign was accompanied by daily CO 2 sampling for laboratory analyses with isotope ratio mass spectrometry (IRMS). The carbon stable isotope ratios measured by conventional IRMS technique and by the new mid-infrared laser spectrometer agree remarkably well within analytical precision. This proves the capability of the new midinfrared direct absorption technique to measure high precision and accurate real-time stable isotope data directly in the field. The laser spectroscopy data revealed for the first time a prior to this experiment unknown, intensive dynamic with fast changing δ 13 C values. The arrival pattern of the tracer suggest that the observed fluctuations were probably caused by migration along separate and distinct preferential flow paths between injection well and observation well. The short-term variances as observed in this study might have been missed during previous works that applied laboratory-based IRMS analysis. The new technique could contribute to a better tracing of the migration of the underground CO 2 plume and help to ensure the long-term integrity of the reservoir.
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A nthropogenic CO 2 emissions to the Earth's atmosphere are estimated for 2013 with (9.9 ± 0.5) PgC year −1 from fossilfuel combustion and cement production and (1.0 ± 0.5) PgC year −1 from land-use change, namely, deforestation. 1 Overall, cumulative anthropogenic emissions from 1840−2013 sum up to (353 ± 55) PgC and are regarded as a major contributor to global climate change. 2 Atmospheric CO 2 concentrations exceeded 400 μatm at Mauna Loa Observatory in May 2013. 3 Within this context, carbon capture and storage (CCS) technologies represent a considerable tool in a portfolio of different reduction methods to mitigate CO 2 emissions on a global and climaterelevant scale. 4 Stable isotope analyses provide a powerful tool to trace the fate of CO 2 in the subsurface. 5−8 Stable isotopes of injected CO 2 can act as useful tracers in CCS because the CO 2 itself is the carrier of the tracer signal and remains unaffected by sorption or partitioning effects. In addition, carbon stable isotopes can be used to unravel the role of subsurface processes such as carbonate mineral dissolution or dissimilatory bacterial sulfate reduction (BSR) that can influence the isotope geochemistry of the injected CO 2 . 9 Therefore, isotope techniques can help to improve our understanding about processes in the subsurface during CO 2 injection and to increase the applicability of reservoir safety monitoring programs.
Over the last years the introduction of a new class of commercially available laser instruments that use near-infrared spectroscopy have revolutionized stable isotope analyses. This technology is frequently referred to as isotope ratio infrared spectroscopy (IRIS) 10−12 or laser absorption spectroscopy (LAS). 13, 14 These new instruments tend to increasingly replace traditional isotope ratio mass spectrometry (IRMS) that served for decades as the gold standard in stable isotope analysis. This is particularly true for oxygen and hydrogen stable isotope analysis of water. 12, 14, 15 A number of studies started to use laser instruments for field monitoring of stable isotope analyses of carbon dioxide or methane for leak detection at CO 2 underground storage sites 16, 17 or along natural gas pipelines. 18, 19 Compared to IRMS instruments that require a relatively large space in a temperature-controlled laboratory, the new laser instruments are more robust, smaller in size, and can be installed even in remote sites for direct field measurements. This enables high-resolution, real-time in situ measurements that help to investigate processes that otherwise could not been monitored.
Currently, market relevant commercially available laser instruments use the near-infrared region and rely either on cavity ring-down spectroscopy (CRDS; Picarro Inc., Santa Clara, CA, U.S.A.) or off-axis integrated cavity output spectroscopy (OA-ICOS; Los Gatos Research Inc., Mountain View, CA, U.S.A.). Both require comparatively long optical effective path lengths of up to several kilometers due to the absorption characteristics in this part of the optical spectrum. The performance of these instruments have been described, for example, by Vogel et al. 20 or Wen et al. 11 In addition, optical instruments are available that use quantum cascade laser absorption spectroscopy (QCLS; Aerodyne Research Inc., Billerica, MA, U.S.A.), Fourier transform infrared spectroscopy (FT-IR; Ecotech Pty Ltd., Knoxville, Victoria, Australia), or the older, discontinued tunable-diode laser absorption spectrometer TGA200 (TDLAS; Campbell Scientific Inc., Logan, UT, U.S.A.) (see also review by Griffis 21 ). During this study an entirely new isotope ratio mid-infrared spectrometer (Delta Ray, Thermo Fisher Scientific, Bremen, Germany) 22 was tested for the first time in a field-based tracer study. Compared to cavity-enhanced instruments that operate in the near-infrared, the mid-infrared offers several advantages. The mid-infrared technique allows for a short effective path length of only ∼5 m because the associated line strength is approximately 8000 times stronger than in the near-infrared region. This much stronger absorption feature also results in a generally higher precision in the same averaging time compared to the nearinfrared. The short path length and relatively simple direct absorption approach allows for a portable, compact, and robust instrument design. Furthermore, the much simpler multipass setup does not require ultraclean, high-reflective mirrors that are required by the long path lengths of cavity-enhanced instruments.
In order to test performance and accuracy of the new midinfrared laser analyzer, it was installed at the Ketzin pilot site for CO 2 storage in northern Germany in August 2013. The instruments continuous stable isotope record was accompanied by daily CO 2 sampling for laboratory-based IRMS analysis. Both results are compared in this study to demonstrate the high precision and accuracy of the field deployable mid-infrared laser analyzer under outside laboratory conditions. Furthermore, it was evaluated if the continuous stable isotope monitoring technique would provide new insights into underground geochemical processes and subsurface migration of the CO 2 plume.
■ EXPERIMENTAL SECTION
Experimental Setup at the Study Site. The Ketzin pilot site is located 40 km west of Berlin, in the northeastern part of Germany. Ketzin is the longest operating injection site in Europe. Details of the pilot site are described in Martens et al. 23 and Martens et al. 24 At the facility a total of 67 271 tons CO 2 were injected between June 2008 and August 2013. The average CO 2 injection rate was about 1350 tons per month. 23 The CO 2 was injected in supercritical state in the Ketzin anticline at depths between 632 and 645 m below ground level (bgl) into a heterogeneous saline aquifer sealed by an overlying more than 150 m thick mudstone-dominated cap rock. Observation wells around the injection well ensure a continuous in situ monitoring of the CO 2 storage reservoir 25 ( Figure 1 ).
Previous studies have shown that batches of isotopically distinct CO 2 , which has been injected sporadically at the Ketzin pilot site, could be used as a tracer for CO 2 migration in the reservoir. 5 For this study, 500 tons of CO 2 from a natural CO 2 reservoir (δ 13 C CO2 ≈ −3.5‰ vs VPDB) had been coinjected with N 2 between August 2 and 13, 2013. The δ 13 C value of the natural source CO 2 was significantly different from background values in the reservoir (δ 13 C CO2 ≈ −28.5‰) and has been expected to generate an identifiable isotope tracer breakthrough signal at an observation well several days after injection. In order to observe the breakthrough of the isotope tracer continuously, the instruments were connected to a stainless steel riser tube that was installed in an observation well (Ktzi 203) at 600 m bgl. Formation pressure continuously lifts CO 2 from the storage formation to the surface. Details of the riser tube are described in Nowak et al. 5 This observation well (Ktzi 203) has a distance of ∼20 m to the injection well (Ktzi 201). The riser tube was connected to a GC-TCD/HID analysis system (SRI Instruments Inc., Torrance, CA, U.S.A.) located in a field-based laboratory container at the Ketzin site. The gas flow was split at the outlet of the GC system by a union tee to an OmniStar quadrupole MS gas analyzer (Pfeiffer Vacuum GmbH, Asslar, Germany) and the Delta Ray mid-IR laser instrument (Thermo Scientific, Bremen, Germany).
At daily intervals the riser tube was disconnected from the GC system to fill a 12 mL Labco Exetainer with gas-tight butyl rubber septa (Labco Ltd., Lampeter, U.K.). The vials were flushed with CO 2 from the storage formation in flow-through mode for 5 min by two needles that pierced the septa. When this sampling was completed the riser tube was reconnected before the next IRIS measurement. In total 11 samples were collected and then analyzed for their 13 C/ 12 C ratio by IRMS in November 2013 at the University Erlangen-Nurnberg. Published data on storage effects of Exetainers vials with butyl rubber septa show that the used vial−septa combination is gastight and isotope composition is stable from several weeks 26, 27 up to a period of 6 months. 28 The data were then compared to the data acquired in the field with the mid-IR laser instrument. Isotope Ratio Mass Spectrometry. All stable isotope values are reported in the standard δ-notation as deviations in per mil (‰) from the reference material Vienna Pee Dee Belemnite (VPDB) according to
where R is the ratio of the numbers (n) of the heavy and light isotope of an element [e.g., n( 13 C)/n( 12 C)] in the sample and the reference. 29 In the laboratory, gas was extracted from the Exetainers that were filled at the Ketzin pilot site with a gastight syringe and transferred into Exetainers that were prefilled with helium. Samples were analyzed on a Thermo Delta V Advantage IRMS coupled to a Gasbench II in continuous flow mode (Thermo Scientific, Bremen, Germany). Isotope values were normalized to the VPDB scale by a two-point calibration 30 based on two inhouse calcite reference materials that were calibrated directly against NBS-19 and LSVEC. 31, 32 For calibration a δ 13 C value of +1.95‰ and −46.6‰ was assigned to NBS-19 and LSVEC, respectively.
All samples were analyzed in duplicate, and the reported value is the mean value. Offset between duplicates was lower than 0.05‰. Control samples were prepared in an analogous manner to the Ketzin samples from high-purity (99.995%) CO 2 and helium-flushed 12 mL Exetainer vials. These samples were placed at regular intervals in the analytical sequence. Reproducibility based on the repeat measurement of these control samples was 0.03‰ (±1σ, n = 6). The long-term analytical precision of the IRMS system is ±0.15‰. The δ 13 C value of CO 2 used for the control sample was calibrated independently by dual inlet mass spectrometry against international isotope reference CO 2 RM8562 from the International Atomic Energy Agency (IAEA). Accuracy of the control sample was within 1σ analytical precision, i.e., the difference of the control sample average and the defined δ 13 C value for this gas was smaller than 0.15‰.
Mid-Infrared Isotope Ratio Spectroscopy. The laser light of the Delta Ray instrument is generated by a difference frequency generation (DFG) mid-infrared laser that operates at 4.3 μm with a power of ∼2 μW. The absorption lines of the different carbon dioxide isotopologues are shifted relative to each other and allow for the calculation of their relative abundance and the stable isotope ratios from the spectrum (Figure 2 ). The tunable mid-infrared laser beam is generated by two near-infrared telecommunication type lasers that are mixed in periodically poled lithium niobate (PPLN). One laser is frequency-stabilized, while the other is a tunable distributed feedback (DFB) laser that is used to tune the mid-infrared difference frequency. The laser scans over the absorption lines at 500 Hz and the signal is averaged for 1 s before the spectrum is fitted and isotope ratios are calculated from the spectrum fit. The sample gas is measured for its concentration and isotope composition by laser direct absorption in a multipass Herriot cell with an effective path length of about 5 m (Figure 3 ). The detector is located outside of the gas cell. The cell temperature is controlled at 37°C within a range of a few millikelvin, and the pressure is controlled at 100 mbar. The sample line runs through the temperature-controlled enclosure that allows for thermal equilibration before the sample gas enters the cell. The principle of the mid-infrared DFG laser platform that is used inside the instrument is described in detail by Scherer et al. 33 The required sample gas flow is 80 mL min In direct absorption laser spectroscopy, the calculated isotope ratios are dependent on the CO 2 concentration. 34, 35 That means that the measured δ-value of a gas with a uniform 13 C to 12 C ratio will change as CO 2 concentration changes. This effect is typically referred to as linearity. To receive accurate and high-precision data it is crucial to account for this effect. The Delta Ray instrument addresses this issue in two ways: (1) The reference gas CO 2 concentration is automatically adjusted to match the sample gas concentration by the instruments software, and (2) the instrument is equipped with a universal reference interface (URI) that automatically determines the nonlinearity of the system by diluting the reference gases with CO 2 -free synthetic air. During a reference cycle (see below), the concentration of the reference gases is set to the average concentration during the last minute before the reference measurement. While procedure 1 removes the nonlinearity of the system to first order, secondary Typical instruments precision, i.e., how close the individual measurements agree, 36 is demonstrated by an Allan−Werle plot (Figure 4 ). This concept is used to characterize accuracy and precision of laser spectrometers and is described in detail by Werle. 37 Precision for 15 s integration time is typically better than 0.1‰ for δ 13 C, but exact time may vary slightly for the individual instrument. The sample is referenced to the VPDB scale directly in the instrument by a two-point calibration derived from two calibrated CO 2 reference gases with high and low isotope values that are connected to the analyzer. The reference gas cylinders are filled with gaseous CO 2 so that fractionation effects due to temperature changes are excluded. This potential source of error by using CO 2 cylinders that contain liquid CO 2 is avoided here. The volume of reference cylinders is enough to allow for weeks to months of unattended operation, depending on the recalibration frequency.
Between August 16 and 27, 2013, the instrument was connected to the CO 2 riser tube by a union tee behind the GC gas analyzer at the Ketzin pilot site. The CO 2 sample gas flow from the reservoir was diluted by zero air (20.5% oxygen in nitrogen) to meet the specified CO 2 concentration range of the instrument and was set to (2200 ± 150) ppmV. Reservoir CO 2 was measured with an averaging time of 25 min followed by a 5 min reference measurement. For averaging 5 min of isotope ratio measurements were integrated, and 5 of these averages were averaged into a single data point. The result is a δ 13 C curve with 30 min resolution over the 10 day measurement campaign ( Figure 5 ).
Differences between corresponding IRIS and IRMS data pairs are expressed as On the morning of August 20 the recorded δ 13 C values started to rise quickly and reached a maximum of −9.8‰ in the late afternoon followed by a decline to values between −18‰ and −20‰. This pronounced positive shift was the result of a change in borehole conditions on this day. It was noticed during the experiment that water in the borehole prevented a direct CO 2 delivery from the reservoir to the surface. The water was removed on August 20, and afterward the full formation gas pressure applied at the riser tube. Therefore, δ
13 C values of CO 2 that were measured until August 20 might not have reflected changes in the reservoir but were masked by fractionation processes between gaseous CO 2 and dissolved inorganic carbon species 38, 39 that occur during dissolution of CO 2 in the fluid that filled the riser tube. After removal of the water, the riser tube was directly connected to the reservoir and δ 13 C values were more variable with several relatively short and sharp positive excursions of several per mil that lasted for about 3 to 4 h.
The observed positive excursions are likely caused by arrival of portions from the injected tracer CO 2 with high δ 13 C values. The overall trend of declining δ 13 C values after August 20 indicates that the major peak of the tracer might have already passed the observation well. The short-term excursions that accompanied the decline of δ 13 C toward the reservoir baseline values of ∼−28.5‰ are comparable to flow patterns of gas tracers (sulfur hexafluoride and krypton) that were coinjected with CO 2 into a deep saline aquifer at the EOR Cranfield test side. 40 At Cranfield, reservoir heterogeneity caused a complex arrival pattern of the injected tracer gases with a series of temporary increases superimposed on overall downward trends. Lu et al. 40 showed that the compositional fluctuations were caused by migration along separate and distinct preferential flow paths between injection well and observation site. The δ 13 C isotope tracer signal of this study appears to reflect a comparable CO 2 migration behavior in the heterogeneous reservoir at the Ketzin site.
Some of the positive excursions seem to roughly correspond with IRMS sampling time suggesting that they might also be sampling artifacts caused by air entering the IRIS system during Exetainer filling. Although possible, this option is not very likely because positive excursions were also measured in time intervals without IRMS sampling and not all Exetainer samplings were followed by a positive excursion. This supports our interpretation that the observed dynamic pattern is related to the complex arrival pattern of the injected CO 2 .
Comparison with IRMS. For comparison of δ 13 C values measured by the new mid-infrared laser spectrometer and conventional IRMS technique the results from the δ 13 C-IRMS values are plotted together with the nearest δ 13 C-IRIS value measured prior to Exetainer filling ( Figure 5 ). Note that in reality filling of Exetainers occurred a few minutes later than the corresponding IRIS measurement. For better visibility the relevant time intervals are enlarged in Figure 6 . Corresponding δ-values between IRIS and IRMS (Δδ) are listed in Table 1 , and differences are shown in Figure 5B .
The 2σ precision for IRMS analyses in this study is 0.3‰ (see the Experimental Section), and an identical value is reported for the IRIS instrument by the manufacturer for 30 replicates with 60 s integration time. Therefore, the combined 2σ analytical uncertainty of both systems is calculated with 0.42‰ here. 41 Six out of nine IRIS−IRMS pairs overlap within 2σ analytical uncertainty. Therefore, these values are not distinguishable by analytical means. Note that for IRMS samples 2 and 3 no corresponding IRIS data exist. Nevertheless, these samples seem to perfectly bridge the IRIS data gap.
The IRIS data indicate that δ 13 C values of injected CO 2 that is lifted to the earth surface again at the observation well Ktzi 203 fluctuated over several per mil within short time intervals. Here, the continuous laser isotope record revealed hitherto unknown δ 13 C dynamics. Sampling time of IRIS and IRMS data points in Figure 5 does not coincide exactly due to the sampling procedure. To account for that time lag, the IRMS values were compared to the IRIS values measured before the filling of the Exetainers (see above). However, in the case of a rather rapid δ 13 C shift, the gas sampled to Exetainers could already hold a slightly different δ 13 C value than the gas measured by the laser instrument a few minutes before. In that case, the isotopic composition of the IRMS sample should plot between the corresponding and the subsequent IRIS sample that shows the more positive or negative δ 13 C values. Such a pattern is observed for sample pairs 1 and 6 ( Figure 6 ), and this might explain the relatively large offsets of 0.5‰ and 0.8‰ observed for these IRIS−IRMS pairs. For example, IRIS data showed a sharp negative 3‰ excursion directly during the time interval in which IRMS sample 6 was filled (Figure 6 ), and this shift might have already started during the filling of the IRMS sample.
IRMS sample 10 shows the maximum Δδ value of 1.0‰ from the IRIS data. This value is larger than for every other sample pairing. Here it is obvious from the IRIS data that no sudden δ 13 C shifts occurred during this sample interval on August 8 that could explain the observed offset as discussed above for IRMS samples 1 and 6.
Nonparametric (Figure 7) shows that the Δδ value for IRMS sample 10 does not meet the suspected outlier criteria of 1.5 × interquartile range (IQR) above the third quartile (i.e., >1.43‰). 44 In other words, descriptive statistics do not designate this sample as an outlier. Repeat analyses of the gas sample confirmed the δ 13 C-IRMS value. In addition, chromatograms did not indicate corruption of the sample by infiltration of air through a leaking septa. The most likely interpretation from the available data is that the error was already introduced during filling of the sample vial although the exact reason remains unclear.
■ CONCLUSIONS
In this study real samples taken during a CCS monitoring campaign were used to evaluate the performance of the laser instrument under realistic working conditions at a field-based container and in continuous 24 h/7day operation mode. Overall, the δ 13 C results between conventional IRMS technique and the new mid-infrared laser spectrometer agree remarkably well within the errors of measurement. This proves the capability of the new mid-infrared direct absorption technique to measure high precision and accurate real-time stable isotope data directly in the field. Sufficient time resolution during any kind of monitoring is fundamental for the detection of changes in the parameters of interest. The required time resolution is defined by the time interval at which changes potentially will occur. Previous studies showed that changes of gas tracers can occur within days or even hours. 40, 45 Existing stable isotope studies from the Ketzin pilot site that used conventional IRMS analyses 5−7 showed that δ 13 C values of injected CO 2 could be used as a natural occurring tracer signal because injected CO 2 originated from two different sources with largely different δ 13 C values. However, the applied method was limited by sample acquisition, because sampling for IRMS analyses into individual Exetainers must be done manually on site and is noncontinuous. In addition, stable isotope sampling only occurred during defined monitoring campaigns. It is therefore likely that dispersed tracer signals in periods between monitoring campaigns or short-term variances as observed in this study were missed during previous works.
The observation well Ktzi 203 that was sampled in this study is the latest of the several wells drilled at Ketzin and is located only at a distance of 20 m to the injection well. The IRIS and IRMS data of this study are the first stable isotope analyses from this observation well. Multiple shifts of several per mil were recorded by on-site IRIS measurement with 30 min resolution and were confirmed by daily IRMS analyses.
This monitoring data set would not have been as complete if IRMS analyses only have been used. Laser spectroscopy data revealed a much more intensive dynamic with fast changing δ 13 C values. This dynamic flow pattern is in accordance with observations revealed by continuous conventional gas tracer monitoring at other CO 2 injection sites and reflects the arrival of the tracer through preferential flow paths. However, possible causes of the newly found dynamic tracer signal must be investigated in future studies and could contribute to a better tracing of the migration of the underground CO 2 plume. This would help to ensure the long-term integrity of the reservoir. The required detailed data logging will probably be only possible with robust field deployable stable isotope analyzers that deliver reliable, accurate, and real-time in situ data. The tested new midinfrared laser spectrometer fulfilled these requirements.
Finally, the new mobile, laser-based isotope instrument opens several possibilities in various other scientific fields beyond CCS monitoring. Recently, the instrument was successfully used to perform real-time data of volcanic CO 2 at Mt. Etna, 46 but numerous other applications such as carbon cycle studies, urban monitoring, ecology studies, or atmospheric greenhouse gas research are imaginable.
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